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Summary

Summary

Resources distributed in spatially distinct manners require predators to develop
efficient strategies in order to be able to exploit them to thetimum. Their way of

life makes parasitoid insects excellent model organisms for the study of such
strategies Adult female parasitoids search for suitable hosts for oviposition, which are,
different insect species and developmental stages depending on the species.
Consequently, the link between searching success and fitness is particularly close in
parasitoids. tl has been already shown that parasitoids adapt their behaviour and
display high plasticity in their ability to adapt to different physiological and ecological
conditions. However, the question of which proximate mechanisms enable this

plasticity still renains largely unanswered.

The aim of this work was to study which proximate mechanism modulate the searching

behaviour of parasitoid wasps by means of different experimental approaches.

Firstly a very heuristic hypothesis was tested, assuming that thelsiegrintensity of
parasitoid wasps within the microhabitat of the hosts follows a steadily decaying
function. It was hypothesized that the animals respond initially with an extremely
intensive searching behaviour to cues associated with the presencests, which

only covers a relatively small area at first, and that the gradual decay of this intensity
finally leads to patch abandonment. Contacts with hosts and the border of the
microhabitat served as additional modulators of searching intensity. Howéweas

still not possible to meet the assumptions fully, leading to the hypothesis that

intermediate physiological processes are needed to modulate searching behaviour.

The subsequent studies focused on the role of the neuromodulator octopamine and
its counterpart dopamine. Octopamine is assumed to have a key role in the perception
of appetitive stimuli and the assessment of rewards. Dopamine, in contrast, is
considered to be essential to the integration of aversive stimuli. Within a complex
environment,in which optimal strategies need to be developed against the backdrop
of diverse and qualitatively different stimuli, both substances seemed to be

appropriate agents in the modulation of searching behaviour.




Summary

One central assumption for the subsequent saglivas that the subjective assessment

of hosts (and mating partners) and their related cues is sensitive to individual
experiences and needs. Octopamine was supposed to modulate this assessment, while
dopamine should mainly act on the assessment of pos&trtosts. As the costs an
organism is willing to invest should be relative to the expected benefits, it was
expected that different kinds of investment serve as an indicator for the subjective
assessment of the achieved or expected benefit. The subsegxpetriments focused

on the following investments: searching time, response to potential predators (stay or
leave) and the response to competitors, both when competing for hosts in females and

when competing for potential mates in males.

All'in all, neithe of the substances revealed any consistent effects with respect to the
hypothesis concerning the assessment of costs and benefits in the parasitoids studied
here. The impact of dopamine was restricted to slight effects on the movement
pattern. This findig is consistent with results in other species. Treatment with
octopamine revealed a number of effects, which in total indicate an influence of
octopamine on the stress level. This result is also in line with studies on other species.
Although in accordancewvith this octopamine significantly influences searching
behaviour, the underlying mechanism is considerably more complex than initially
assumed. Ultimately, it was possible to show that generalisation on the basis of a few
studies and stimuli with respetd the role of octopamine in the integration of rewards

is a simplification.




Zusammenfassung

Zusammenfassung

R&umlich distinkt verteilte Ressourcen verlangen von Predatoren effiziente Strategien,
um dieseoptimal auszunutzen. Auf Grund ihrer Lebensweise dienen parasitoide
Insekten als Modellorganismen bei der Erforschung solcher Strategien. Adulte
weibliche Parasitoide suchen fir die Eiablage geeignete Wirte, bei denen es sich je
nach Art um verschiedene andereséktenarten und Lebensstadien handelt. Damit ist

die Verknlpfung von Sucherfolg und Fitness bei Parasitoiden besonders eng. Es ist
bereits gezeigt worden, dass Parasitoide ihr Verhalten in héchst plastischer Weise an
unterschiedliche physiologische und &&gische Bedingungen anpassen. Welche
proximaten Mechanismen diese Plastizitat ermoglichen, ist jedoch in weiten Teilen

ungeklart.

Diese Arbeit untersucht anhand verschiedener experimenteller Anséatze welche

proximaten Mechanismen das Suchverhalten parédo\Wespen modulieren.

Zunachst wurde die heuristische Annahme Uberprift, nach der die Suchintensitat
parasitoider Wespen innerhalb des Mikrohabitates des Wirtes einer stetig
abnehmenden Funktion entspricht. Dabei wurde angenommen, dass die Tiere
zunachs mit einem extrem kleinflachigen, intensiven Suchverhalten auf
wirtsassoziierte Reize reagieren, und, dass das graduelle Abnehmen dieser Intensitét
letztlich zum Verlassen des Mikrohabitates fuhrt. Kontakte zu Wirten und den Grenzen
des Habitats dienen dei als weitere Stellschrauben der Suchintensitat. Die
Annahmen konnten jedoch nicht bestatigt werden, woraus sich die Hypothese ergab,
dass zwischengeschaltete physiologische Prozesse das Suchverhalten modulieren

mussten.

Die weiteren Versuche fokussiert auf die Rollen des Neuromodulators Oktopamin
sowie dessen Gegenspieler Dopamin. Oktopamin wird eine Schllsselrolle in der
Wahrnehmung appetitiver Reize und in der Bewertung von Belohnungen
zugesprochen, Dopamin hingegen gilt als eine Art Pendant inVéearbeitung
aversiver Stimuli. In einer komplexen Umgebung, in der optimale Strategien vor dem
Hintergrund diverser und qualitativ unterschiedlicher Stimuli entwickelt werden
missen, schienen beide Substanzen geeignete Agenzien fur die Modulation des

Suclverhaltens zu sein.




Zusammenfassung

Eine zugrunde liegende Annahme fiir die weiteren Versuche war, dass die subjektive
Bewertung von Wirten (Paarungspartnern) und deren Spuren abhéngig von
individuellen Erfahrungen und Bedurfnissen ist. Oktopamin, so wurde angenommen,
solte diese Bewertung modulieren, Dopamin hingegen vor allem auf die Bewertung
potenzieller Kosten wirken. Da die Kosten, die ein Organismus zu investieren bereit ist,
mit dem zu erwarteten Nutzen im Verhdltnis stehen sollten, sollten in Kauf
genommene Koste verschiedener Art ein Indikator fir die subjektive Bewertung des
erreichten oder erwarteten Nutzen darstellen. In den folgenden Versuchen lag der
Schwerpunkt auf folgenden Investitionen: Suchzeit, Reaktion auf einen potentiellen
Predator (fliehen oder biben) sowie der Reaktion auf Konkurrenten, sowohl bei
Weibchen in Konkurrenz um Wirte als auch bei Mannchen in Konkurrenz um

potentielle Paarungspartner.

Insgesamt liel3en sich bei den untersuchten Parasitoiden keine konsistenten Effekte
beider Substanzem Bezug auf die Bewertung von Kosten und Nutzen zeigen. Die
Wirkung des Dopamins beschrankte sich weitestgehend auf leichte Effekte in Bezug
auf das Bewegungsmuster. Dieser Effekt stimmt mit Ergebnissen an anderen
Organismen Uberein. Eine Behandlung mitapamin zeigte eine Reihe von Effekten,

die in ihrer Ganze auf einen positiven Einfluss dieses Stoffes auf das Stresslevel
hinzeigen. Auch dieser Befund ist von anderen Organismen bereits bekannt. Zwar hat
Oktopamin damit sichtlichen Einfluss auf das Sedhmalten, jedoch in einer deutlich
komplexeren Form als urspriinglich angenommen. Es zeigt sich schlieZlich, dass ein
Generalisieren auf der Basis weniger Arten und Reize in Bezug auf die Rolle des

Oktopamins in der Verarbeitung von Belohnungen eine Siiphung ist.
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1 Introduction

1 General introduction and overview

Exploiting resources is often a complex task for animals. Resources are almost always
distributed in a norcontinuous fashion and are often hard to access. As such, animals
have to solve the task of finding suitable places with the resources that fitribedts,

and they have to allocate time and efforts across different sites where resources are
found. The latter is a consequence of the diminishing return rate with ongoing
exploitation by the animal itself, with the exception of the rather rare case arevh
constant resource replenishment exists at sites. In general, it is assumed that animals
should try to maximise their intake rat€harnov, 1978Parker & Smith, 1990In this

light, staying too long or staying too briefly will be disadvantageous for the animal.
Leaving early means giving up on a given resource when it would still be profitable to
stay and leaving late translates to wasting time that could be spesimblsre in a

more profitable way. At first glance, a simple answer is offered by the marginal value
theorem (Charnov, 19765 which shows that it would be optimal to leave once the
AyaillyidlyS2dza 3IFAYy NIGS +Fd | IAHSI, aA0S 06KSyOS
1978) drops below the average gain rate in the habitat. Or to put it into more
economic terms, the benefits of staying at that given patch are lower than leaving it.
A solid assessment of the costs and benefits of any given action in termdiofdife
fitness optimisation is the heart of optimal foraging theory and, apart from the
aforementioned example of patch time allocation, there are probably an infinite
number of situations in which potential costs and benefits need to be offset. Animals,
for instance, have to decide on whether or how much risk should be taken in order to
achieve a given reward or how much energy they should invest in order to get a needed
resource or even which of several necessary resources should be given priority. From
this, it becomes evident that whatever decision needs to be taken requires the
integration of at least some information concerning the potential outcome of each and

every decision.

Over the past few decades, numerous studies have shown that observed stsategie
correspond at least qualitatively to the mathematical predictions for optimal
behaviour. Although conducted work has covered almost every animal phylum from

nematodes(Hills et al., 2004Sawin et al., 200@o humans(Hutchinson et al., 2008

11



1 Introduction

Louapre efal., 2010, a lot of research derives from studies on birds (€Byunner et

al., 1996 Cuthill et al., 1994Pyke, 1978Vasquez & Kacelnik, 200hd insects. Within

the insect clade, emphasis was placed on H&xsulson, 2000Higginson & Houston,
2015, Roubik et al., 1995 but the polyphyletic group of the insect parasitoids
(Godfray, 1994Thiel & Hoffmeister, 20Q%an Alphen et al., 20Q03Vajnberg, 200pin
particular has received a lot of attention. The introduction of insect parasitoids as
moded organisms in the field of behavioural ecology was mostly promoted by two facts:
(1) behaviour within this group is tightly linked to fithg&odfray, 199% caused by
their biology: parasitoids forage for suitable hosts (mostly insects in differerestaig
development) to lay their eggs on or in. Those hosts are required for larval
RSOSt2LIYSyild YR IINB | OO0O2NRAy3If & ONHzOAIf F2NJ (K
attack a number of insect pests and are therefore important agents within biological

control in agriculture.

As already mentioned, one of the primary requirements needed for an optimal
decision is the solid assessment of resource quality. Although evidently objective
criteria for resource assessment exist, assessment does, however, aBcthang
subjective aspectéArnott & Elwood, 2008Thiel & Hoffmeister, 2009 A number of
examples are given to illustrate this fact, although it must be noted that many more
such cases exist. For instance, the physiological state and individual expsri@ay
strongly affect the subjective value assigned to a resource: A starved animal will rank
a resource which promises food higher than a sated @waott & Elwood, 2008Aw

et al., 2009 Pompilio et al., 2006 An unmated sexually reproducing indivadwvill
invest more in achieving intercourse than an individual that already has mated once or
more (Papadopoulos et al., 200Papanastasiou et al., 20L3As their lifeexpectancy
decreases, animals will exploit reproductive sites more thoroughly, asttheces of
finding other suitable sites diminigiRoitberg et al., 1993Thiel et al., 2006Thiel &
Hoffmeister, 2004

Numerous approaches exist for measuring subjective resource value. Firstly, time
allocation can and has been extensively stud@dessen & Bernstein, 199Briessen

et al., 1995Iwasa et al., 1981Stephens, 1993Thiel, 2011 Thiel et al., 2006Thiel &
Hoffmeister, 2004van Alphen et al., 2003Vajnberg, 2006Wajnberg et al., 2013

with most of the empirical studies confirngrihat, first of all, most animals adapt time

spent on a given resource patch to quality and, secondly, that the time spent depends

12



1 Introduction

on the physiological stat@NVajnberg, 2005and experiencgLiu et al., 2009Thiel,
2017 Thiel et al., 2006Thiel & Hoffreister, 2004 Wajnberg, 200pof the animal.

Secondly, resource value assessment can be observed in degrees of searching intensity
in the locomotory response. Basically, it is assumed that areas of a high quality should
be intensively scanned, expressedadyigh tortuosity and a general decreased velocity

in the foraging pattfHills et al., 2004Hills, 2006Waage, 1978Wajnberg et al., 2013

Thirdly, it is possible to study the outcome of decision making processes. Being faced
with conflicting stimuliJike required resources on the one hand and predator cues on
the other, will force foragers to make decisions that should relate back to the assessed
resource value: The higher the potential benefits of that given patch are, the more
likely an animal shdd be to invest the potential costs of being cau@lbnacs, 2010
Roitberg et al., 201,Gtephens & Krebs, 1986

Finally, animal behaviour in competitive situations can provide information about
subjective resource assessment, since the willingnessgtd find the intensity of
conflicts should generally increase with estimated resource vi@hneott & Elwood,
2008.

In summary, detailed predictions can be made about what behaviour should be
optimal under which conditions and numerous approaches exigtgtwhether or not
animals behave in accordance with the expectations. However, it needs to be
considered that complicated estimations about the costs and benefits of a given
behaviour may incorporate large costs due to information processing and inkegrat

LG YIFre 0SS ljdzSatdAz2ytrotS gKSUGKSNChittkage FyAYLFfa ¢
Skorupski, 20Lvan Swinderen & Andretic, 20lare able solve complex equations.
For example: The seminal paper by lwasal. (1981), which models optimal patech
leavingdecisions for different prey distributions, contains 15 equations with another
18 in the appendix. Not even humans appear to be willing to invest such an intellectual
effort just to estimate the optimal time to give up on a given task and, beyond from
the purely neurological costs involved in these calculations, the time required to solve

them would probably render the whole decisiomaking process suboptimal.

This raises the question of how optimal behaviour can be achieved for minimal internal

costs. Thaliscovery of these heuristic proximate mechanisms which allow animals to

13



1 Introduction

adjust behaviour quickly to various conditions is the goal of the relatively new field of
2LIAYIFE  F2NI 3IAY h SNKGASNaNIM HOUstonf 2600 ¢ 9 @2

Useful mechanism®f behavioural adaptations under varying circumstances need to

be fast to initiate, quickly adjustable and low in costs. Neuromodulators may be the

perfect agents combining all the aforementioned needs as they might2 A RS a2y S
powerful means to dramatidly but reversibly reconfigure the function of a sensory
OANDdzA G 6 A (0 K2 dzip A QKBIvhiEGhaM b8 TauK 2088K tHokdrso,

they fulfil a vital role in regulating response thresho{8&mingham & Tauck, 2003

To give an examplé&n incease in a response threshold makes an animal less likely to
NBalLRyR G2 | adAYdzZ dza 6KAOK Aa y2 f2y3ISNI 2F Ay
and vice versa. It is obvious that changes in response thresholds may serve as a simple
mechanism for adaptindor instance, the aforementioned patch residence time to the
instantaneous quality of the patch. It is conceivable that an increased response
threshold towards olfactory cues emitted by the prey, so called kairomones, leads to

patch abandonment.

Within the group of neuromodulators, the biogenic amine octopamieéefred to in

GKS FT2tft2¢gAy3 Fa ah! é¢0 asSSvya G2 oS OSYyaNIf Ay Y
(Birmingham & Tauck, 200Berry & Barron, 2093 For instance feeding honey bees

an OAcontaning diet increased the reporting of resource value by foragers upon
returning to the nest{Barron et al., 2007 In addition, OA was also shown to lower the
response threshold for sucrogBehrends & Scheiner, 201 uggesting that bees
respond at lowedoses of sucrose than the untreated control group. Furthermore, OA
seems to modulate aggressiveness in a number of species: for example, selectively OA
depleted male crickets display less aggressive behaviour towards (Rilfish et al.,

2017 Stevensa & Rillich, 201R whereas the opposite effect is seen in a number of
crustaceangMomohara et al., 2013 and references therneiMost studies conclude

that the role of OA in reward assessment is the mechanistic basis of these findings

(Barron et al., 20D, Stevenson & Rillich, 2012

52L1 YAYS ONBFSNNBR (2 Ay (GKS F2ff26Ay3 | & 45! ¢
which has been shown to modulate the response to aversive stifilidiunami &

Matsumoto, 2010 Schwaerzel et al., 2008noki et al., 200p As in experiments on

the function of OA, most of the studies into the effects of DA were conducted using

DA antagonists. They mostly revealed that-d®pleted animals failed to show the

14



1 Introduction

adequate response towards aversive stinfMizunami & Matsumoto, 200; Nakatani

et al., 2009Schwaerzel et al., 2008noki et al., 200p~vhereas DA injections induced

a reduced likelihood of reacting to conditioned positive stinfiercer & Menzel,
1982. Accordingly, DA and OA may be two essential protagonists irpribeess
underlying optimal decision making that requires the integration of multiple stimuli of
differing qualities. Recently it has been argued that most findings on the role of DA in
stimulus response may be related to general and stimapecific alemess (van
Swinderen & Andretic, 20)1According to the authors, one of the main functions of
DA could be related to its role in shifting attention towards relevant information. In
this way, the dopaminergic system functions primarily as a filter foreiveeit,
distractive stimuli, whereas it leads to a rapid decline in {gs#cific attention if the
outcome does not meet the expectations anymore. This shift in attention results in the
FYAYFEQa FABAY I dzZLJd | & -makdmPdodld wé éxSeedNie f S
integration of merely aversive stimuli and DA may be essential in the correct

estimation of when leaving a given resource is better than remaining with it.

This work comprises different experiments to measure reward assessment within
patchy eavironments using insect parasitoids on the basis of their-wewn foraging
behaviour(Godfray, 1994Thiel & Hoffmeister, 20Q®Wajnberg, 200§ The first study
(chapter 2) deals with searching intensity in terms of locomotory response in the
parasitods Leptopilina heterotomand Venturia canescensiccording to theory on

movement ecology, the most heuristic way to optimal resource exploitation can be

achieved by means of a simple mechanism: Animals perceiving reliable resource cues

display what is kneon as areaestricted searching behaviour by slowing down and

performing an intensive search, characterised by a high degree of tortuosity. As time

progresses, the intensity of the searching decreases, the path becomes straighter and

the animal moves fasteagain, eventually leading to patch abandonment. Finding a
resource item affects the locomotory response and may either accelerate or to some
extent reverse the decreasing response depending on resource distriluamberg

et al.,, 2013. Accordingly,fithe assumptions of the theory are met, switches in
searching intensity may be a straightforward measurement for instantaneous reward

value assessment.

The subsequent chapters investigate whether OA and DA play a role as a control

centre, shaping the rewd value assessment in animals. Firstly;d@pendent reward

15
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1 Introduction

assessment is investigated in the parasitdid heterotomausing a patckime
allocation experiment (chapter 3). Based on the evidence that OA levels refer to the
perceived value of a reward, vassumed OAreated animals to remain on a patch of

a given quality for longer than untreated conspeci{i8arron et al., 200Behrends &
Scheiner, 2012Mercer & Menzel, 1982Mlizunami & Matsumoto, 201 Rillich et al.,
2017, Stevenson & Rillich, 2012

In chapter 4, OAand DAdependent reward assessment in the face of conflicting
stimuli is investigated by mimicking the arrival of a predator whAismbara tabida
parasitoids exploit a host patqRoitberg et al., 2000 Again, it is hypothesized that,
based on the modulation of reward assessment -{ated animals should be more
willing to stay in the face of danger than control animals, whereas the opposite is
expected of DAreated animals, due to its role in the integration of aversive stimuli
(Mercer & Menzel, 1982Unoki et al.,, 200 The fourth study (chapter 5) focuses
primarily on the behaviour of femala. tabidawasps facing intrasexual competition
assuming higher aggressiveness and a higher motivation to staytie&éd animals,

as has beeshown in, e.g., male crickefRillich et al., 201;1Stevenson et al., 2005
Stevenson & Rillich, 201and drosophilidgDierick, 2008 and a decreased number

of conflicts in DAreated animals. Secondly, it is investigated under what
circumstances density and competition affect survival. In this respect, it is assumed
that competitors serve as stressors causing a decrease in longétitglensity(Zurlini

& Robinson, 198(er se and that the mortality risk increases even further if the wasps
have to compete for hosts and in @#&ated animals, if they are found to be more
competitive. The fifth and final study (chapter 6) adapts thmerhentioned study on

females and competition to males of the same species.

The final part of this thesis (chapter 7) provides a brief summary of the studies
conducted and discusses the findings against the background of the role of bioamines
in reward vdue assessment in other invertebrate clades, with a particular focus on

insects.
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.2 Study organisms
This work includes studies on several species of the paraphyletic group of parasitoids.

Parasitoids are insects, mostly hymenopterans, which lay their eggs in

(endoparasitoids) or on

(ectoparasitoids)  other
insects. Depending on the
species, they may attlc
different developmental

stages (eggs, larvae, pupae

|4 : or adults) of their hosts.

Parasitoids are defined by

the feeding habits of their
E?vlg?@ lNlilstS:;IeL. heterotomaparasitizing aD. melanogaster larvae (Godfray, 199% Al
parasitoid larvae feed
exclusively and destructively on the tissue or haemolymph of anoéntdmropod
specimen, mostly other insects, eventually killing it. Parasitoids are considered as
solitary if only a single individual can development successfully from a host and as
gregarious if more than one individual may survive. Parasitoids have bpeateslly
considered as being excellent model organisms for studies on optimal decision making
and information usdGodfray, 1994Thiel & Hoffmeister, 2009Vajnberg, 200pas
they have to maximise the number of eggs successfully laid over their lifetime.

Accordingly, their searching behaviour is subject to a strong selective pressure.

Data on three species are considered in this work. The first study compares the
locomotory responses dfeptopilina heterotom@Thomson) (Hymenoptera: Figitidae)
andVenturiacanescengGravenhorst) (Hymenoptera: Ichneumonidde)heterotoma

is a koinobiont, solitary endoparasitoid of the drosophilid family, whereas the asexual
strain of V. canescentaken here attacks the larvae of phycitid moths (Lepidoptera:
Pyralidae)Driessen & Bernstein, 199®riessen et al., 199%alt, 1976 Thiel et al.,
2006 including the flour mottEphestia kuehniella

L. heterotomaattacks the larvae of sever8lrosophilaspecies(Carton et al., 1986
which in nature occur highly aggregated mtten fruit (Hoffmeister & Rohlfs, 2001
As fermenting fruits have a high probability of being infected by drosophilid |§vete

et al., 199}, L. heterotomdirst orientates towards components of the host food like
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yeast and alcohokPicke et al., 184). If a host kairomone detected upon arrival, the

wasp displays a clear searching response, characterised by a regular pricking into the
substrate with the ovipositofvan Lenteren, 19760nce a host is hit, the animal places

a single egg into it. F&. heterotomathe first cue it follows is not very reliabféet et

al., 199}, though drosophilids actively transport yeast towards their oviposition sites,
yeasts also occur naturally during fermentation processes. Sensing of a host kairomone
already gives a good indication of the presence of hosts and, accordingly, the
motivation to search on that patch increases. Additionally, as hosts are usually
aggregated, finding a host should indicate the presence of further larvae to be attacked
and the searching motivation increases even further. In combination with a general
decrease in@arching motivation in times when no hosts are encountered, these-host
related increments and the strength of the kairomeradated initial response offers a

simple mechanism for optimal patch time allocatibmwasa et al., 198MWaage, 1979

In contrast,V. canescenfaces different conditions. Although the abundance of host
larvae may reach pest level in insufficiently managed granaries and flour mills
(Skovard et al., 1999
patches are usually only
home to Ilow host
densities (Driessen &
Bernstein, 1999Driessen

et al.,, 1995 Thiel et al.,
2006). Evidently,

orientating towards

potential food sources of

Figurel-2: FemaleVenturia cansecenattacking a larva of a graineding larva in a
Ephestia kuehniell@Hunia

granary is notmuch use,
and consequentlyV. canescenss not attracted to uninfested grairfDriessen &
Bernstein, 1999Driessen et al., 1995Thiel et al., 2006but rather only to direct
Oyt Ol sAGK GKS KzadQa 1lIANRY2&EHE:, 6 KAOK Aa |
1971 Mudd & Corbet, 1982 Upon contact, the wasps display an intense searching
behaviour characterized by drumming on the substrate with the antennae and
rhythmic pricking of it with the ovipositor. Once a host is hit, a single egg is laid in it

within a split secongbecause the egg is already positioned on the tip of the ovipositor.
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After oviposition, it takes the wasp around a minute to resume searching. This time is

NBIljdzZA NSR G2 LIRaAdAizy I (Fofebs, 197 BiteRiy Thigl K S 2 @A LJ2 & A
2004). In contast to most drosophilid parasitoids, an elgging experience does not

cause an increased motivation to search on a given patch; instead, the opposite is seen

and each oviposition increases the chances of the animal leabngssen &

Bernstein, 1999Driessen et al., 199%ut see(Waage, 19781979. A decremental

mechanism may be an adaptive strategy if host densities within a patch are usually low

and the travel times ifbetween two patches are sho(Driessen & Bernstein, 1999

This difference in sgching mechanism makes the two organisms so especially useful

for the first study.

L. heterotomais also used for the
second study, whereas the remainin
experiments were conducted usin
another koinobiont, solitary
endoparasitoid of the Drosophila
species, nhamely Asobara tabida

(Nees) (Hymenoptera: Braconidae

A. tabidaorientates itself similarly to

L. heterotoma(Vet & van Opzeeland, Figure 13: Female ofAsobara tabidaparasitizing

1984). However, the searchinca hidden larva of its host ©Wyss & Hoffmeister
behaviour on patches differs from the

one described abové/et & van Alphen, 19§5Upon arrival on the patctA. tabida
females slow down and alternate beter standing and walking at short intervals.
When standing still, the wasps localize the position of the host larvae via vibrations
caused by larval movement (vibrotax(®et & van Alphen, 19850nce located, the
wasp quickly moves towards the host, rem&imotionless for a short time and then
probes into the host. If the host is accepted, the ovipositor is inserted even deeper and

the eqgg is laid, after which the wasp resumes searching.

Compared td_. heterotomaA. tabidais the more active species. Thieytiate flight
activity more readily and walk faster overall. As a feeding approach was taken in the
experiments, manipulating the aminergic balance, it is assumed that individuals of

tabidawill be more likely to feed more often compared wlthheteotoma causing
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less variability in the data concerning the ditugatment effect as a higher overall

intake rate is expected.
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Chapte 2

Analysis of walking behaurcas a correlate of motivation in
two parasitic wasps

Uhlig J.M., Hoffmeister T.S.

Contributions: Conceived and designed the study: JU & TSH. Data collection: This work

builds upon data originally collected ByristineDiekhoff, Heike Schmitz, Ulf Télch and

me for our Diplomaheses and byPablo Gonzales Torres as part of his research

project. Analyzed the data: JU & TSH. Wrote the paper: JU & TSH.

(to be submitted to Movement Ecology)
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2 Analysis of walking behaviour

2.1 Abstract:
It has recently been demonstrated that correlated random walks of foragers could

result in patch exploitation rates in line with the marginal value theorem. Mainly
locomotory responses to prey encounter and upon arrival at the patch edge in
combination wit a general decay in searching intensity may be sufficient to adaptively
F£€20FGS LI GOK GAYSad ¢KAA adGdzRe GSada
species of parasitic wasps. Based on host distribution, the paraditidopilina
heterotomawas expected to réntensify its searching effort after host encounters,
whereas the opposite should be the case ¥@anturia canesceng\lthough searching
intensity wanes over time in general, the results of this study reveal only minor
locomotory responsg to prey encounter in both species. In contrast, crossing the
borders of the patch affected the walking path more strongly, especially.in
heterotoma We hypothesize that this finding may point to the framework of reward
and reward prediction. The moreliably a given surrounding predicts the presence of
prey, the less pronounced the actual response to the prey itself should be. Instead, the
stimulus predicting the availability of a prey (in this case the-hglstted kairomones)

should trigger the stnegth of the motivational response.

2.2 Introduction
The combination of ultimate and proximate branches of ecological research has been

claimed repeatedly Nathan et al., 2008Pierre, 201) and has just recently been
Y I Y S R-a®DBEBcNam@ra & Houstor2009), stressing the necessity of merging

proximate mechanisms (how?) and ultimate causes (why?) of behaviour.

Two highly related though more or less independently evolved fields of behavioural
ecology are movement ecology and foraging ecology. The foaffiers a variety of
more or less heuristic models describing observed walking paths within heterogeneous
environments by means of mathematical functiori¢athan et al., 2008Turchin,
1998. In contrast, foraging ecologists focus on the ultimate caudes fitnhess

consequences) of different searching strated®®phens & Krebs, 1986

Just recently a model has been published proving the applicability of common
movement models in respect to optimal patch time allocatidra{nberg et al., 201)3
The modelassumes: (1) a decaying searching intensity over time, expressed as an

increase in velocity and a decrease in turn angle, leading to an overall faster

RAAL F OSYSy(di 20SNJ GAYS® o6u0 ! LINRPOlOAtAGE 27
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2 Analysis of walking behaviour

patch edge, leadinghe animal to head back into the centre of the patch. In this
respect, the probability of bouncing back decreases the more often the edge is
encountered. (3) An impact of host encounters on locomotory behaviour, leading to a
re-intensification if prey is diributed in an aggregated manner and to a further
decrease in case of regularly distributed prey items. (4) An increase in the probability
of bouncing back as a cause of prey encounter. The combination of those four
parameters leads to patch times wellline with the marginal value theorem (MVT)
(Charnov, 1975 whereby the T and the ¥ variable have the strongest impact on

optimal patch time allocation.

In this way, the model builds up on the mechanism originally proposed by Waage

(1979, which wassubsequently adapted by numerous authors. All of them share the

combined effects of a general time dependent decay and prey encounter dependent

STFTSOGa 2y Lefevelet & 20QVduAgre eb al., 20%1Pierre, 2011,
GNB&aLRyaA oS ykS aSRMiRie, foORE &Ji SYRSy Oe (2 adledé 062N
(Driessen & Bernstein, 1909 2 NJ a SadAYIlI 4SR ydz¥nasahalz ¥ NBYF AYAy:=
1981).

The effects of prey density, distribution and related cues on patch time allocation have

been thoroughly testd in insect parasitoids especially by the means of Cox

proportional hazards analydqiseevan Alphen et al., 20038Vajnberg, 2006 for revieys

and in general patctime increases with intensity of host related cues and host

abundance. Furthermore, in anafs assumed to be adapted to clumped host

distributions, each host encounter seems to decrease the leaving tendency, like in

Leptopilina heterotoma(Thomson) (Hymenoptera: Figitidadfa(ichald & Tveraa,

2003 Haccou et al., 1991Rosenheim, 1996 whereasthe opposite is the case for

animals adapted to more regularly distributed hosts likenturia canescens

(Gravenhorst) (Hymenoptera: IchneumonidaB)iéssen & Bernstein, 199Briessen

et al., 199%. However, it is difficult to state clearly the directesdt of the different on

LI §OK OdzSa 2y (GKS &adFGSR GaSIFNODKAYy3I Y2iA01 GA2
hazards analysis tend to do so. Yet even Cox analysis does not solve the problem of

causality and correlatio(Pierre, 2011Thiel & Hoffmeister, 2009Detailed analysis of

the effect of different events on the movement pattern may help to elucidate the

causal consequences of different patch quality related experiences, which may

6502YS LI NByGte Of SFENJ o6& IHNE 208)@ndRsS & ONR LIGA 2 Y 7
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2 Analysis of walking behaviour

relatedness to the internal state: Animal foraging can in general be described as area
restricted search (ARS). ARS is a ubiquitous pattern in moving organisms ranging from
bacteria to humans and is adaptive in case of clumped distributed ressur
Encountering a patch associated with a resource elicits an arrestment response in the
forager. The animal slows down and switches to a more intense searching mode
characterised by high tortuosity and low velodityaage, 1978 As the animal exploits

the patch, it will have a diminishing encounter rate. This should be reflected in a
behavioural change; the search becomes less intensive, but covers more Bigkse (
2006). Finally, the animal leaves the patch. H{2806) LJ2 A y (1 & ARRiis al KI & a
medanism for giving up when the environment no longer meets expectations. In this
respect, it may be very closely related to basic neural mechanisms such as habituation

and sensitizatiofy @

Interestingly, detailed analyses of locomotory responses to diffeegperiences are
even rare from the side of movement ecologists, as most studies dealing with
exploitation dependent movement adaptations are either theoretical or fail to
disentangle proximate changes in behaviour from ecological changes in resource
avaibbility, as they mostly follow populations in the fieagazi et al., 20}2For
example: a gradual decrease in tortuosity may simply mirror the increasing distances
inbetween the prey items and not be related to an adaptive proximate searching

strategy.

The goal of this study is to test the assumed decrease of intensity of searching
behaviour over time and the effects of oviposition experiences on the walking pattern
in two different parasitoid specig¥. canescerandL. heterotomd. Both are solitary
parasitoids, but differ in respect to their proposed searching mechanism. Wheteas
canescensis known to have a decremental searching mechani®riefésen &
Bernstein, 1999Driessen et al., 1995meaning that each host encounter decreases
the tendency o stay,L. heterotomahas an incremental mechanisnrguchald &
Tveraa, 2003Haccou et al., 199JRosenheim, 1996 typical of animals hunting for
aggregated prey. Bouncing back behaviour is hard to measure, as we do not know
anything about the reactive distance, meaning the distance from the animal to the
patch border when the animal perceives the information thatdas reached the end

of the patch. Instead we analysed the impact of excursions from the patch. Most

parasitoids leave the patch temporarily during their search, but then turn back. For
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2 Analysis of walking behaviour

both species, it is known that +encountering the patch has a stromgdfect on the
remaining patch timeRBernstein & Driessen, 19968accou et al., 199decreasing the
tendency to stay in both species, which would correlate with the decreasing

probability of bouncing back in the movement modélgjnberg et al., 201)3

Inthe first step, the proposed searching mechanism (incremental or decremental) was
verified based on Cox regression. Subsequently, locomotory behaviour, in the forms of
velocity and turn angle, was analysed as a function of time as well as of excursions and
ovipositions. According to the movement model developed by Wajnberg et al.
(Wajnberg et al., 200)3and the general description of an ARI8I§, 200, we expected

a generally waning searching intensity, meaning an increase in velocity with a
correspondilg decrease in tortuosity over time in both species, while ovipositions
should lead to a réntensification inL. heterotomaand to a further decrease iN.
canescensReturning to the patch was assumed to come along with a decreased
searching intensity ibboth specieqaccording toBernstein & Driessen, 199Baccou

et al., 199).

2.3 Material and Methods
Three sets of experiments in total were conducted on two different solitary

endoparasitoid species, Venturia canescens (Gravenhorst) (Hymenoptera:
Ichneunonidae), and_eptopilina heterotomgThomson) (Hymenoptera: Eucoilidae).
The first set of experiments was done\dncanescerand served to analyse the effects

of oviposition experience and excursions on the leaving tendency as well as
locomotory behaviou With L. heterotoma two independent experiments were
conducted. The first was taken to run the Cox analysis, but was deficient for the
analysis of locomotory behaviour as handling of the larvae by the experimenter caused
disturbances. Consequently, acemd experiment was conducted to analyse the

effects of oviposition and excursions on locomotory response.

The parthenogenetic (thelytokous) tyjpé V. canescenssed here is found frequently
in granaries and mills searching for moth larvae. Host aburelam¢his species is
usually low but variabléDriessen et al., 1995Naage, 197Pand may even raise
quickly to enormous numbersTliel et al., 2006 L. heterotomas a parasitoid of
severalDrosophilaspecieqCarton et al., 1986 which occur ephemerigl and highly

aggregatedHoffmeister & Rohlfs, 2001
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2 Analysis of walking behaviour

2.3.1Venturia canescens
Two-day-old naive thelytokous wasps were used. The wasps belonged to two different

lines, originating from Antibes, France, and Valence, France, where they were caught
roughly five years before the experiments took place. They had been reared in the lab

ever since, using the flour motBphestia kuehniellas a host.

The experimental arena of approximately 12 cm in diameter was composed of fresh

semolina and experimental patches of approximately 4 cm in diameter sunk flush to

the surface of the arengas desribed in Thiel et al., 2006Uninfested semolinper se

is not attractive folV. canescenand usually elicits no arrestment respon&giéssen

et al., 199%. Patches were prepared by letting four host larvae feed in semolina for

two days. While feedindhe larvae leave some secretions from the mandibular gland,

which work, as they are used by the wasp to locate the haStsklet, 197}, as so

OFfft SR allFANRY2ySaéd Wdzad Y2YSyida o0ST2NB GKS

daly

were removed, and a mifgatch ®onstructed from the lid of an Eppendorf® cap
containing either no host (empty, N=12) or a single healthy host (host, N=13) was

placed in the experimental kairomone patch.

Behaviour was scored using EthoVision (Noldus, Wageningen, Netherlands). The
programautomatically scores velocity and turn angle based on a 0.48 pictures/s frame
rate and gives the position of the searching animal based on manually defined zones
(on patch or off patch). The turn angle was measured as a degree per unit of time, in
this cag 0.48 s. A trial was terminated if the wasp either walked off the experimental

arena or flew off the patch.

Despite the position and the movement parameters, the followbegpaviourswere

manually scored: (1) searching, when the animal was using its iz palpate the

patch; (2) probing, when the animals drilled into the substrate with the ovipositor; (3)
GO02071AYy3Aé> RSAONAROSE (GKS OKIFNIOGSNRAGAO LINROSa
ovipositor Rogers, 1972 (4) preening.

2.3.2Leptopilina hettoma
Patchresidence times and movement parameters were analysed based on two sets of

experiments both using the same population bof heterotoma,originating from
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2 Analysis of walking behaviour

Wageningen, Netherlands, and reared in the lab since 1995 on a native host species,

Drosophila melanogaster

Females were kept isolated from hatching until the experiment with two malesdnd

lib honey in small glass vials. One day (24 = 2 h) prior to an experiment and again
directly before the experiment the female wasps were allowed to search a pre
experimental patch with 16 host larvae for 20 minutes, as naive females of this species
are knownto have only limited parasitization succeSaunsorBoshuizen et al., 1973

and preexperience significantly reduces the time needed to enter the paRehrdz

Maluf et al., 2008 It was ensured that all females had parasitized at least one host
duringthis time. Females which did not display searching behaviour at all during the
allotted time period were discarded. After their second jesgerience, the wasps
were stored in a gelatine capsule for five minutes before they were introduced into

the experinental arena.

Experimental patches consisted ot Petri dishes lined with agar and a yeast patch
2 cm in diameter in the middle. Eight2nstar larvae were allowed to move freely on
the patch for 15 mintes. During feeding, the larvasimilar toV. canescens|eave
chemical traces@icke et al., 1985 These kairomones lead to the characteristic

searching behaviour upon contactlinheterotoma

In the experiment testing the patch residence time, all the hosts were removed from
the patch directly befee the wasp was introduced. After 140 seconds of free search,
a host was placed near to the wasp using a fine paint brush in half of the experiments
(N=55). In another 43 replicates serving as the control, the paint brush was also
introduced, but without alarva, to ensure that no disturbanespecific differences
would occur. This procedure made it possible to minimise variance caused by random
differences in host finding, but, however, caused disturbances in the scoring of the
behaviour. Accordingly, anogh set of experiments was conducted in which, in order

to minimise disturbances caused by the brush, either two or no host remained on the
patch. We decided to take two hosts in order to enhance the chance of finding a host

before deciding to leave.

As inV. canescend)ehaviourwas scored using EthoVision (Noldus, Wageningen,

Netherlands).
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2 Analysis of walking behaviour

2.3.3 Statistical Analysis
Patchresidence time and tendency to stay

Patch residence time was defined as the time interval lasting from first entering of the

patch untl the time the patch was left for more than thirty seconds.

The impact of ovipositions and excursions on the tendency to stay was analysed using
Cox proportional hazardgHoffmeister et al., 2006Therneau, 201pin R.2.15.2R-
CoreTeam, 2013

The bestmodel was found based on the AIC and the final models were tested for
proportionality of the timedependent effects based on Schoenfetdsiduals
(Therneau, 201R Testing for proportionality is necessary as it may well be possible
that the impact of an eent on the tendency to stay changes over time. If the
proportionality criterion is not violated, it can be assumed that the effect of a given
event is not timedependent. Furthermore, the effect of patch quality on the number
of excursions as well as dfdir first initiation was analysed by the means of GEwlx

& Weisberg, 20111
Walking pattern

The effect of searching time as well as of ovipositions and excursions on locomotory
behaviour was tested. Therefore, first the mean velocity and the mean togheaof

the last 10 seconds before an event and the first 10 seconds after resumption of
searching behaviour were calculated. To ensure that differences before and after an
event were actually induced by the event itself and not due to time effects, wglkin
behaviour was additionally compared to corresponding time intervals without any
event. As such, random intervals were generated out of the data distribution of the
real events. For that purpose, data distribution of the real events needed to be
normally distributed. This assumption was only met for the duration of ovipositions
while the times of initiation of excursions as well as of ovipositions and the duration of
excursions were rightkewed and had to be square root transformed before
corresponding radom intervals could be generated. Normality was tested using
ShapireWilk tests in R 2.15.2. Matching of real and random intervals was ensured by
t-tests. The data created that way determined the last value before and the first value
F FGSNJ |y fai ®edrafdvent®, the thean velocity and the turn angle were

calculated for the 10 previous and the 10 subsequent seconds.
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2 Analysis of walking behaviour

Ovipositions were defined as successful if the host larvae were pierced for more than
16sin L. heterotomgHaccou et al., 199%or if the probing was succeeded by cocking
behaviour in case o¥. canescen§Rogers 1972 Excursions shorter than 2 s were
omitted from the analysis. Finally, intervals were cut off if they were injged by
other events, which in some cases resulted in shorter intervals, but took into account

that experience did not change within an interval except for the time spent searching.

Statistical analysis was conducted using the Ime4 package in R.ZRGReTeam,

2014 for linear mixed modelB@ates etal., 2018 A G K dol al¥ a GKS NIyR2
Including the random term is necessary, as each wasp contributes to the analysis with

a number of data points, which, accordingly, cannot be taken as indep¢nde

anymore. Explanatory variables were selected using backward elimination ef non

significant effectsNelder & Wedderburn, 1972Vajnberg & Haccou, 2008

The distribution of residuals was analysed visually. Most explanatory variables were
right skewed ad accordingly log or square root transformed. The appropriate

transformation was selected based on ShajWwdk tests for normality.

The effect of ovipositions was only analysed within the data subsets with host
encounters; for the analysis of the excursso the complete datasets were taken and

patch quality served as an additional explanatory variable.

2.4 Results

2.4.1 Patch leaving and movement in Venturia canescens
2.4.1.1. Patch Residence Time

Wasps had on average 1.77 +0.28 ovipositions, indicatingigh tendency to
superparasitize. Out of 13 wasps with ovipositions, seven only laid a single egg, three
placed two eggs in the offered host, in two wasps three cockings were observed and

in one individual even four such events occurred. However, foreffiect on the
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2 Analysis of walking behaviour

tendencyto stay, it made

3.0

no difference whether it

257 L was the first or a

2.0 — subsequent ovipositio, as

= L _— the effect was proportional

% ] . over time (Analysis of

10T~ ===77 B : Schoenfeldt residuals:

05 - ovipositions: rho=0.14,
.ulfndpHsE tlhndnto FyR S

. OVIPOSITION EXCURSION oviposition had the same

strong decremental effect

Figure 21: Effects of ovipositios (left bar) and excursions (rightbe 0N the tendency to stay
on the tendencyto stay on the host patchof Venturia canescer S5bFrHTS SELII OT MOY TS

based onthe proportional hazard (exp(beta)) of £ox regressio
Fyrfearao +b1iddidte atiecieasSikthadendency x & 4 1

stay. The overall significance of the model based on Wald tex asoi ornom R al 0 ®H
16.89 on 2 df = 1, p=0.0002146. 0.001,see Fig. 2).

The first excursion occurred on average after 344.22s + 88.9s if no host was on the
patch and already after 204.6s £72.27s if a host was present. Yet, this difference was
not significant (GLM with Gamma and gk function: patch quality: 2= 1.3, df=1,
P=0.25, see figure2a). The total number of excursions was with 2.75 = 0.45 on an
empty patch and 2.22 +0.4 on a patch with host again independent of patch quality

(GLM withPoissordistribution and logf A y' 1 T d&f O.57A dIpe 0.45y see
Figure 22b).

Nevertheless, each excursion seemeddizrease the tendencyo stay, and, even

0K2dz3K GKAa STFSOO Aa atAakdte AYyaraayaAFAOlyi
P=0.05, see Figurel) the excursion effect should, based thre AIC, remain in the

model (AIC without excursion: 127.36, with excursion: 125.68). As for the ovipositions,

the excursion effect does not depend on time, but in contrast is stable, meaning that

an excursion occurring later during the search has the sgififieet on the tendencyo

stay as an earlier one (Analysis of Schoenfeldt residuals: excursions:0100=

.ulfndmMnI tFrndrcOd
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2 Analysis of walking behaviour

Furthermore, the excursion
effect does no depend on
500 — oviposition experience as the

interaction of oviposition and
400 —

excursion is not significant

300 4| —— 6i-Tdoumz SELWI 0Fndymz &S0
0.19, z=1.08, P=0.28).

TIME TO 1t EXCURSION FROM PATCH [s]

200
100 — The results of the Cox
. regression analysis
EMPTY HOST confirmed the expectations
and other empirical results
W 4 7 b)
5 with  regard to  the
m ——
S 37 decremental searching
o
o S — mechanismof V. canescens
(=) _
§ 2 (Driessen & Bernstein, 1999
5 1 4 Driessen et al., 199%ut see
|‘q:_' (Amat et al., 200B
0 -
= 0 - Furthermore, they indicate
SR IGST the role of excursions, which
PATCH QUALITY may incorporate a number of

Figure 22: Searching behaviour of Venturia canescens on | important information for
patchesa) Time of initiation of the first excursion from the ptch anc

b) total number of excursions on either empty patches or patc the predator like the size of
containing a single host larvae iN. canescensShown values ar

predicted means and standard errotaken from the GLManalysis. the patch, nature of the

environment and minimal distance to the next patch. In contradiction to the model
(Wajnberg et al., 200)3and to the assumptions by Waaff978 1979 ovipositions

did not seem to affect the effect of excursions as the interaction of both terms was not
significant. However, we can still assume based on the heuristic mechanism described
above that both ovipositions as well as excursions would lead tardang searching
intensity, which should be expressed by an increase in walking speed and a correlating

decrease in tortuosity leading to a straighter walking path.
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2 Analysis of walking behaviour
2.4.1.2 Effects of ovipositions and excursions on walking behavioif. in
canescens

Effects of ovipositions on the walking path

Table 21: Effects of ovipositions on walking behaviour \h canescenshased on Linear Mixed Effect
Models. All possible interactions were tested (only shown if significant).

Velocity [cm/s] Turn Angle [°]

(GLMM with Gaussiall (GLMM with Gaussial

distribution and | distribution and log

inverselink function) | link function)

N df | . vy p .y p

Event quality (real or random) 13/92 |1 | 0.56 0.46 5.29 0.02
Interval: Before or after the| 13/92 |1 | 2.88 0.09 0.18 0.67
event
Sqrt(Time) 13/92 | 1 | 7.49 0.01 5.50 0.02
Event quality * nterval 13/92 |1 | 0.12 0.73 0.16 0.69
Event quality *sqrt(Time) 13/92 |1 | 0.89 0.34 0.51 0.48
Sqrt(Time) * Interval 13/92 | 1 | 5.40 0.02 <0.01 0.97
Sqgrt(Time) * Eventquality * | 13/92 |1 | 4.63 0.03 0.01 0.94
Interval
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Figure 23: Changes imvalking behaviour ofV. canescenwithin the 10 s before (black) and the 10s
after (grey) anovipositionas a function of current patch timgs]. To achieve normality time on patch
was square root transformed prior to analysislpper graphs refer to thehanges irthe walking
velocity [cm/s], lower graphs to theehangesof the turn angle [°Jof the search pathmeasured as the
change in direabn per frameof the videographed search patiThe keft column refers to randomly
chosen time intervals without an oviposition eventhe right column to real ovipositios. Lines refer
to the line of best fit based on GLMNkee table 21).

However, the esults are not that clear cut (see Tablel 2see Fig. -3). Velocity
generally increases over time, with one exception being the interval before an
oviposition. Animals walk faster in the interval after a (psedeient compared to the

one before. Thougthis effect is found in the case of a real oviposition event as well
as in the random intervals, it is more expressed in the context of real ovipositions
indicating a combined effect of general time differences (the second interval is always
after the firg) and oviposition experience. In contrast to initial expectations, the turn
angle increases over time, again irrespective of the quality of the event, though

tortuosity is consistently higher within the randomly chosen intervals.
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2 Analysis of walking behaviour

Effects of excursionsidhe walking path on the patch

Velocity is most affected by the time the animals have spent already on the patch.
Irrespective of whether excursions really took place or not, all animals became faster
over time (see Table-2, see Figure-2). Additional, the model indicates an effect of

the event quality, and prior and after an excursidncanescenfemales walk slightly
faster (0.018 cm/s) than in context with random intervals. Finally, the slope over time
is slightly steeper within the intervals afta (pseude) event. However, as this is
retrieved irrespective of event quality, this is most likely due to time effects.
Interestingly, whether a host is present or not does not affect velocity at all either per

se or in any interaction.

In contrast, totuosity differs significantly depending on patch quality and animals
searching in the presence of a host consistently have a higher turn angle (see-Table 2
2, see Figure-2). Furthermore, the walking path is straighter in the context of real
excursions han in randomly chosen intervals. However, no additional impact of
returning to the patch is found as interval is not significant either alone or in any
interaction. Consistent with the analysis of the ovipositions and again in contradiction
to the predicions, the turn angle again increases over time.

Table 22: Effects of excursions on walking behaviouMncanescenbased on Generalized Linear Mixed

Effect Models, tested were all possible interactions up to threey interactions (only shown if
significant). 1The model including those variables explains the data best based on AIC.

Velocity [cm/s] Turn Angle [°]
(GLMM with Gaussiaf (GLMM with Gaussial
distribution and log | distribution and logink
link function) function)
N df | . v p .y P
Patchquality (empty or with | 26/196 | 1 | 0.57 | 0.45 4.58 0.03
host)
Event quality (real or| 26/196 |1 | 3.1 0.08 17.34 3.13e
random) -05
Interval: Before or after the| 26/196 |1 | 0.38 | 0.54 1.00 0.32
event
Sqrt(Time) 26/196 |1 | 19.05 | 1.28e05 6.72 0.01
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2 Analysis of walking behaviour

Table 22 (continued):

Interval * Event quality 26/196 |1 | 0.82 |0.36 2.82 0.09
Interval * sqrt(Time) 26/196 |1 | 3.49 | 0.06 0.81 0.37
Interval * Patch quality 26/196 |1 | 1.3 0.25 <0.01 0.97
Event quality * sqrt(Time) | 26/196 | 1 | 0.7 0.4 0.02 0.88
Event quality*Patch quality | 26/196 | 1 | 1.21 | 0.27 0.01 0.92
Sqrt(Time) * Patch quality | 26/196 |1 | 2.50 | 0.11 0.07 0.79
Random intervals Real excursions
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Figure 24: Changes iwalking behaviourof V. canescenwiithin the 10 s before (black) and the 10s
after (grey) an excursioas a function of current patch timgs] in V. canescenslo achieve normality
time on patch was square root transformed prior to analysis. Upper graphs refer todhanges in
walking velocity [cm/s], lower graphs to theehangesof the turn angle [°Jof the search path

measured as the change in direction per framéthe videographed search patfThe kft column

refers to randomly chosen time intervals without an excursidig right column to real excursions.
Lines refer to the line of best fit based on GLM(gkee table 22). Dashed lines refer to wasps searching
on an empty patch, solid lines to wasps with host encounter.
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2 Analysis of walking behaviour

2.4.2 Patch leaving and movementaptopilina heterotoma
2.42.1 Patch Residence Time

Superparasitism did not occur lin heterotomaOn average it took the wasps 200.62 s

+ 11.01s to attack the offered host successfully (N=53).

Even though wasps finding

14 7 a host stay with
12 - e 781.99146.37 s longer on
R NN patch overall than those
% 0g T ones searching on an
1 L empty patch
"6 (608.56+6.37s, GLM with
047 Gamma distribution:
0.2 . 9=10.64, df=1, p= 0.001)
0.0 - this effect seems to be not
OVIPOSITION EXCURSION uniquely due to the

oviposition experience per

Figure 25: Effects of oviposition (left bar) and excursions (right k se, as Cox regression

on the tendency to stay and continue searching in a host patch.i

heterotoma based on the proportional hazard (exp(beta)) of a ¢ analysis fails to detect a

regression analysis. Values for exp(BEPA) indicate a decrease

the tendency to stay. The incremental effect of oviposition i@t Significant incremental

significant (p= 0.211 ) nor kept in the model based on AIC, thc

aK2sy G2 AttdadNr s kS Sada- effecton the tendency to

the minimal adequate model (without oviposition) based on Wi . - « s A S ,
test: = 67.69, qdf:3, p:1.31§2154. The pdecrem)ental feect of U b & -ndbinfc T SEL¥WI ol

excursions is highly significant (P=2.5186). neT TS 1286126 ndums 17T
P= 0.4, see Fig.-B) in the case of ovipositions. As\incanescensyvipositions again
RAR y20 Ft3GSN G4KS STF¥FSOG 2F SEOdzZNBAA2ya 2y (KS

aSoi ornonc 1T rmompI tlI' ndHpOL O

If the patch was empty, wasps left it for the first Bron average after 512.65 s (N=43).

This was significantly earlier compared with wasps searching on a patch with hosts

LINBASYy(d OcpH®HO &I DbT pp Zo=H0[9% diF#APEUGEED, Y'Y I RA & G NX ¢
see Figure B). However, patch quality seemed to leavo effect on the total number

2T SEOdzZNBA2Yy & D[ a 6 hHO0KO, HB2LApEG7B)yandRvAsASileth 6 dzi A 2y 0.
the patch irrespective of its quality approximately 4 times (see Figéek2fore they

40
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finally left it, leading to an overall higher fregncy of excursions within those wasps

without oviposition success.

o
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TIME TO 1% EXCURSION FROM PATCH [s]

TOTAL NUMBRBER OF EXCURSIONS
()
|

EMPTY HOST
PATCH QUALITY

Figure 26: Searching behaviour ofL. heterotoma on host
patches a)Time of initiation of the first excursiorfrom the patct
and b)total number of excursions on either empty patchex
patches containing a single host larva in heterotoma Showr
values are predicted means and standard errdeken from the
GLManalysis

2PALRAAGAZYE AAd Y20 aAIYAFAOIYyGd | Si3 GKS

Each excursion decreased the

tendency to stay by more

GKFYy H JE: 0l rndumx
SELII 0FM®dHN X aS6i 0lrnor
z=6.35, P=2.10&0, see Fig.

2-5). As inV. canescenshis

decremental effect was

irrespective of time, as the

analysis of  Schoenfeldt

residuals did not revdaany

disproportionalities  (rho=

NOAHI . 4lndnTI tTrndyT0d

The results of the Cox
regression analysis only
partly confirmed the
expectations and other
empirical results with regard
to the incremental searching
mechanism ot.. heterotoma

Although the effect of

excursions corresponds to
other data on

L. heterotomaHaccou et al.,
1991), the effect of

(V)
QX
(et
>+
)

et al. (199]). As inV. canescenao effect of ovipositions on the fefct on excursion

was determined.
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2 Analysis of walking behaviour
2.4.2.2 Effects of ovipositions and excursions on walking behaviour in
L. heterotoma

The inspection of the datdistribution indicated that velocity and turn angle might
follow a hyperbolic progression. Accordingly aittdition to the square root of time,

the variable was added in its second order as well.

Effects of ovipositions on the walking path
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Figure 27: Changes irwalking behaviour ofL. heterotomawithin the 10s before (black) and the 10s
after (grey) an ovipositioras a function of current patch timgs]. To achieve normality time on patch
was square root transformed prior to analysis. Upper graphs refer to thangesn the walking velocity
[ecm/s], lower graphs to thechangesof the turn angle [°],of the search path, measured as the change
in direction per frameof the videographed search pattTheleft column refers to randomly chosen time
intervals without an oviposition eventthe right column to real ovipositiors. Lines refer to the line of
best fit based on GLMMor velocity and LMM for turn angle respectiveligee Table ).

The average walking speedlinheterotomas not affected by any of the explanatory
variables and wasps movéeadily at 0.0998 +0.0009 cm/s irrespective of the patch
quality, event quality, time or interval (see Tabl& 2Figure: 27).

In contrast, the turn angle seems to be more vulnerable to changes, which is mainly
due to the effect of ovipositions, whereas the analysis of velocity no general trend
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2 Analysis of walking behaviour

over time is recorded (see Table32Figure 7). However, an oviposition experience
leads to a decrease in tortuosity (see Figuwd) 2which is exactly the opposite of what
was expectedAs in the analysis eklocity, no timedependent effects were detected.

Table 23: Effects of oviposition experience on walking behaviouilinheterotomabased on
Generalized Linear Mixed Effect Models, tested were all possible interactions (only shown if
significant)

Velocity [cm/s] Turn Angle [°]

(GLMM with Gaussiaf (LMM)

distribution and log

link function)

N df |. vy p .y p

Event quality (real or| 42/328 |1 0.53 0.47 10.23| 0.001
random)
Interval (before or after the| 42/328 | 1 0.42 0.52 8.15 | 0.004
event)
Sqrt(Time) 42/328 | 1 0.01 0.93 0.75 | 0.39
Sqgrt(Time¥ 0.02 0.89 0.05 | 0.83
Event quality * Interval 42/328 | 1 1.28 0.26 453 | 0.03

Effects of excursions on the walking path on patch

Analysis of excursions reveals the effect of a number of variables and their interactions

on the walking pattern (see Table42 Figure 28).

First of all, animals searching successfully (solid lines) have a lower velocity compared
to the ones searchingrman empty patch (dashed lines). This effect remains consistent
over time. Secondly, velocity is higher in context with an excursion compared to
randomly chosen intervals. However, whereas in animals being confronted with an
empty patch reentering of thepatch leads to a strong #@tensification in searching
behaviour, expressed as a decrease in velocity, this interval effect is not recorded in
animals experiencing host encounter. The development of velocity over time is best

described by a hyperbolic ote with a peak at medium times.
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2 Analysis of walking behaviour

Table 24: Effect of excursions on walking behaviour in heterotomabased on Generalized Linear
Mixed Effect Models, tested were all possible interactions up to thremy interactions (only shown if
significant)

Velocity [cm/s] Turn Angle [°]

(GLMM with Gaussiall (GLMM with Gaussial
distribution and log | distribution and log
link function) link function)

N df | . u P .y p

Patch quality (empty or
73/1117|1 | 11.68 | <0.001 63.90 | 1.31el5
with host)

Event quality (real or
73/1117|1 | 97.48 | <2.2el6 | 132.06 | <2.2el6
random)

Interval (before or after
73/1117|1 | 12.73 | <0.001 0.29 0.59

the event)
Sqrt(time) 73/1117|1 | 9.27 |<0.01 30.74 | 2.95e08
Sqrt(timey 9.83 | <0.01 10.98 | <0.001
Event quality * Interval 73/1117|1 | 791 |<0.01 18.54 | 1.67e05
Event quality * Patch
) 73/1117|1 |1.12 |0.29 10.27 | <0.01

quality
Interval *Patch quality 73/1117|1 | 16.51 | 4.84e05 n.s. n.s.
Interval* sqrt(time)? 73/1117|1 | ns. n.s. 9.24 <0.01
Patch quality * sgrt(time§ | 73/1117| 1 | n.s. n.s. 13.06 <0.001
Event quality * Interval *

73/1117|1 | 11.29 | <0.001 n.s n.s.
Patch quality
Event quality * sqrt(time¥

73/1117 |1 | n.s. n.s. 15.46 8.44e05
* Patch quality
Event quality * Interval *

73/1117 |1 | ns n.s 4.34 0.04

sgrt(time)?
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2 Analysis of walking behaviour

The turn angle is best described by a complex model including numerous interactions.
In general, the turn angle is higher in the context of random intervals compared with
real excursions and in animals experiencing host encounter compared with the ones
seaching without success. In this respect, the difference related to patch quality is far
more pronounced in the context of excursions than within the comparison of the
randomly created intervals. The turn angle prior to an excursion drops significantly
overtime leading almost to a bisection in the turn angle, but only in those animals with
host encounter. Returning to the patch leads to aimensification in tortuosity
irrespective of patch quality. Independent of patch quality, the difference between the
interval preceding and succeeding an excursions increases. It should be noted that the
slight decrease in velocity at later times as well as the increase in tortuosity in the
wasps encountering an empty patch contrast the initial expectations. Howewer, th
data should probably be taken with caution at the far end of the right site, as only very
view animals contribute here. Thus the last 9*2 data points comparing walking
behaviour before and after an excursion belong to only two animals within the animals
searching on an empty patch and seven out of the last nine observations in the group

with host encounter are again added by only two animals.
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Figure 28: Changes in thevalking behaviour irL. heterotomawithin the 10s before (black) and the 10s
after (grey) an excursioas a function of current patch timgs]. To achieve normality time on patch was
square root transformed prior to analysis. Upper graphs refer to thanges irthe walking velocity
[em/s], lower graphs to thechangesof the turn angle [°],of the search path, measured as the change
in direction per frameof the videographed search patfThe leftcolumn refers to randomly chosen time
intervals without an excursion,the right column to real excursions.Dashed lines refer to wasps
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searching on an empty patch, solid lines to wasps with host encounter. Lines refer to the line of best fit

based on GLMMsee table 24).

2.5 Discussion

The aim of this study was to test how different events thatusoehile a parasitoid

forages on a host patch influence its walking behaviour in the process of searching for

K2aidao

motivation to search a patch and, thus, the walking behaviour shoela key element
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in elucidating search motivation. Recently, it has been shown that an animal basically

conducting a composite random walk is able to exploit patches of different quality such

that it would leave at the optimal value of marginal returiist adapts its movement

pattern mainly in the course of prey encounteM/djnberg et al., 2010)3thereby

modulating a general decrease in searching intensity over time with experience. The

experimental approach employed made it possible to disentanglagésin walking

behaviour due to ultimate factors (like increasing inprey distance) from proximate
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2 Analysis of walking behaviour

eventinduced changes in walking behaviour as a proxy for mechanisms regulating the
soOl f £ SR & a S| NOUefebyra et ¥.2 201G lajird & § 2011Pierre,
2011).

2.5.1 Response ®f. canescens
A prerequisite for analysing the walking behaviour was to test the expectations with

respect to the effect of different forms of experience during foraging on the tendency
to stay on a patch. Based tost distribution under natural conditions, a decremental
effect of ovipositions was expected f&f. canescengDriessen & Bernstein, 1999
Driessen et al., 19985vasa et al., 1981and reported by the data. Additionally a strong
trend indicating a de@mental effect of excursions on the tendency to stay was also
found (see Figure-2). Accordingly, a decrease in searching intensity in the case of
ovipositions and of excursions was expected as well. However no unanimous reflexion
of the effects on thedaving tendency in locomotory behaviour was found. Although
velocity increases over time (see Figure8 and 24) and searching intensity is
generally lower in animals searching on an empty patch (see Figdyreiridicating a
sensitivity of searching ietsity to patch quality and experience, the distinct
behavioural responses towards different experiences during the search are only met
in velocity but not in turn angle. Interestingly, the effect of host encounter on velocity
is time-dependent and the wéing velocity after a host encounter increases with time
spent on patch. One possible explanation would be that with increasing time on the
patch information about patch quality becomes more reliable and that this could
explain why the wasps respond moreasgly with increasing patch residence time.
However, if this explanation would hold true, one should expect that the effect of host
encounters on the tendency to remain on the patch would be a function of patch

residence time as well, with stronger inanents over time. Yet, this was not the case.

Excursions were preceded by a decreasing searching intensity expressed in both
variables (turn angle and velocity) compared to the corresponding random intervals.
This indicates that excursions are not the résafl an incidental blundering off the
patch, but are actually initiated even before leaving the patch. Returning to the patch,
however, does not trigger any behavioural adaptations. In contrast to initial
expectations, the turn angle increases over timen€rally, tortuosity is assumed to
correlate positively with searching motivatioHi(ls, 2006 Wajnberg et al., 2013and,

accordingly, the result is counterintuitive. This relationship may either be due to more
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2 Analysis of walking behaviour

frequent encounters of the patch border avéme, resulting in the reported strong

turn inwards(Waage, 19781979 or be an artefact caused by the increase in velocity:
The turn angle is measured per frame by the observational program and this may lead
to an overestimation of the turn angle especially if the animal initiates more steps than

just one per frame.

2.5.2Response df. heterotoma
It was expected that ovipositions would influence the tendency to stay on the patch in

L. heterotomapositively and excursions would influence it negativéladcou et al.,

1991 Iwasa et al., 1981Varaldi et al.,, 2006 However,no significant effect of

ovipositions could be found, although the effect does appear to head in the expected
RANBOGAZ2Y YR (GKS SadAYIGSR SELWBI 0 YIG0OKSa (K

(Haccou et al.,, 1991Hemerik et al., 1993 However, other studis also reveal

I'da

ambiguous results in terms ofthe effect of ovipositions in that spe¢ies¢ou et al.,
1991 Hemerik et al., 1993but refer to Rosenheim, 1996 It should be taken into
account that females df. heterotomahave only had a single ovipdeit experience
within our experiment. This may firstly be a relatively unnatural settingDas
melanogasterlarvae usually occur highly aggregated and secondly leads to a low
encounter rate. It has been shown previously that the encounter rate may afiect t
leaving tendency even more than the absolute number of encountéasgou et al.,
1991]) and studies on other parasitoids suggest that they may be well able to switch
from a decremental to an incremental mechanism if the outcome does not fit the
expectatons Burger et al., 2006 Finally, it has to be taken into account that the effect
of prey encounters should be multiplicativ/§jnberg et al., 2003and maybe a single

event is simply too little to induce a significant impact on the leaving tendency.

In contrast to ovipositions, each excursion strongly increased the leaving tendency in
L. heterotoma Accordingly, if walking behaviour reflects searching motivation, only
minor locomotory responses to ovipositions and more pronounced ones to excursions
should be found. In fact, ovipositions did not lead to any intensification in searching
intensity. In contrast, an oviposition event led to a significant decrease in tortuosity.
This was not found within the random intervals and could therefore not be dwe to
general timedependent decrease in turn angle. Even though it appears to contradict
expectations at first glance, this pattern may be adaptive, as it preverastaeking

the recently parasitized larva and subsequently losing time due to handling time
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needed to discriminate host quality. In line with the results of the tendency to stay,
the walking behaviour of.. heterotomais more sensitive to excursions than to
ovipositions. As V. canescenssearching intensity is significantly lower in animals
searching on an empty patch compared to the ones with host contact (see Figi)re 2
and preceding a real excursion than within a corresponding random interval. Re
encountering the patch leads to a-netensification in searching intensity and this
effect inaeases over time and with waning intensity prior to the excursion. Finally, it
should be pointed out that the slope of tortuosity differs significantly between animals
perceiving different patch qualities. Animals with host encounters have a very tortuous
walking path in the beginning that becomes straighter relatively fast, after just approx.
400 s, while in animals faced with an empty patch no such effect is seen. In those
animals, as itV. canescensa slight increase in tortuosity is found in contrésthe

initial expectation.

To summarise, the data collect report neither the expected general switch of the

walking pattern from a slow and tortuous to a faster and straighter movement nor the

modifications in response to the encounter of a prey itéffajnberg et al., 201Band
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changes.

Wajnberg et al. 7013 substantiate the locomotory effect of ovipositions based on
experiments onTrichogrammatidagGardner & van Lentere 198§. However this
ovipositiortinduced arrestment response was only found if the oviposition experience
was not combined with hostelated contact kairomones. If kairomones were present,
they induced a much stronger arrestment response in the parasitodmpared to the
oviposition experience and, additionally, ovipositions in combination with kairomones
did not cause any additional intensification of searching intensggrdner & van
Lenteren, 1988 The lack of hosilated cues, which should defiribe borders of a
patch Godfray, 1994 may also explain the arrestment response following an

oviposition in this family of parasitoids in other experimemé{nberg et al., 2003

In the experimental set up,. heterotoman particular should have strong expectations
regarding host availability due to the presence of host kairomone and thei pre
experimental experiences. However, the actual number of rewards does not
correspond to this expectation. It is known in detaibtireliable expectations in

respect to the outcome of a given situation may lead to strong neurological activity in
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vertebrates. Within those experiments, the actual reward fails to elicit an additional
neurological responséSchultz et al., 199MWise, 20@4), which seems to be quite
similar to the pattern revealed here. Furthermore, strong mismatches of reward
expectation and success lead to an inhibition of the neurological parts responsible for
reward(Schultz et al., 199Wise, 2004 causing a negate/reaction. A similar pattern

has been found ih. heterotomaPapaj et al., 1994 If a host encounter on a patch
associated with the presence of the host fails to appear, they strongly avoid similar
patches subsequently. This underlines the role of niegdearning and the relation of
expectation and experience in this species. Taken together, it may well be that the
expected intensifying responselin heterotomdtails to appear because during search
time negative information accumulates lowering thevard value of a host encounter

in the framework of overall patch quality. Against the background of reward and
reward prediction, the strong effect of excursions on walking behaviouL.in
heterotomabecomes adaptive too. As the patch borders define theanel predicting
area, they should elicit the strongest responses if expectations rather than rewards

themselves modulate behaviour.

In contrast toL. heterotoma, V. canescedisl display a clear behavioural response to
ovipositions, but no clear changeftex excursions. This also makes sense against the
framework of reward and reward prediction, as they did not have any- pre
experimental session to allow them to construct an estimate of patch profitability. In
contrast toL. heterotomawhere females arenitially quite reluctant to respond to an
offered patch but quickly respond after some positive experiefargzMaluf et al.,

2008 van Lenteren, 1976 thelytokous V. canescensisually respond quickly to
semolina contaminated with hosts. This makes segswithin anthropogenic habitats

not much variation is to be expected between hgsbstrate associatisy However,

host density differs notably between generations depending on human impact
(Skovgard et al., 1999 While host density may rise to enorn®uumbers in
unmanaged environments, pesticides may decrease the number of hosts
tremendously. Accordingly, although the association of lwosttaminated grain
products with hosts should be very strong leading to short latencies, the assessment
of patch guality should undergo some learning process. As long as no reliable patch

assessment took place, the reward rather than the reward predictor should elicit a
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response, as it was found consistently in the analyses of the leaving tendency as well

as of the loomotory response.

To conclude, the general context of this work is the link between ultimate predictions
in respect to fitness consequences and proximate mechanisms. The results have
shown that patch time allocation in two insect parasitoid species capastly be
explained by the simple result of kind of composite random WB#nhamou, 2007
Fronhofer et al., 201;3Wajnberg et al., 2013even though some aspects of such
random walking models are retrieved like the general decrease in searching intensity
over time. Furthermore, different species obviously respond with different locomotory
reactions and, moreover, preatch experiences most likely play a substantial role in
the behaviour expressed on a patch. This supports the role of some kind of learning
process in the modulation of searching process rather than a simple universal

movement rule.
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3.1 Abstract
The neuromodulator octopamine (OA) is crucial for numerous functions ranging from

responsiveness to different cues and learning to foraging behaviour. While OA
enhances responsiveness and the likelihood ledirning in appetitive learning
paradigms especially, it is found to shift foraging behaviour towards a more explorative
behaviour characterized by shorter searching bouts and a higher frequency of patch
changes in foraging experiments. Those findings camatradictory based on patch
leaving models, which assume a decreasing responsiveness as the key mechanism for
patch leaving, as then longer patch residence times caused by higher responsiveness

should be expected.

This study tested the effect of oral Qtfeatment on searching behaviour in the
parasitoid Leptopilina heterotomdocusing on the time needed to enter a patch
containing hosts, patch residence time, and searching efficiency. We found that OA
treated animals needed substantially longer to entbe tpatch while no effects on
patch residence time were found. However OA treatment led to a slightly higher

efficiency in patch exploitation.

3.2 Introduction
The neuromodulator octopamine (OA) is widely accepted to be the key substance in

the modulation d responsiveness towards appetitive stimuli and in reward learning in
bees(Barron et al., 2002; Hammer & Menzel, 1998; Mercer & Menzel, 1982; Scheiner
et al., 2002; Schulz et al., 200&)osophilids(Schwaerzel et al., 2003; Scheiner et al.,
2014)and cickets(Mizunami & Matsumoto, 2010; Nakatani et al., 2009; Unoki et al.,
2005) In this respect,intrinsic OA concentrations generally seem to correlate
positively with responsivenegBarron et al., 2002; Pankiw & Page, 2003; Scheiner et
al., 2014)and learning performancé€Behrends & Scheiner, 2012 addition, recent
research into bees indicates a crucial role of OA in foraging behafli@rg et al.,
2012) OA was found to induce scouting behaviour, which is expressed, amongst other
things, in shortesearching bouts on a given patch and more frequent patch transitions
(Liang et al., 2012J-urthermore, OA was shown to decrease the intensity of searching
behaviour in terms of movement pattern and patch residence timglamduca sexta
(Nathanson et a].1993)

Those findings in the two complexes of learning and responsiveness on the one hand

and foraging behaviour on the other hand are conflicting based on patch time
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allocation modelsThese often propose a mechanism combining an initial level of
responsiveness to patch associated cues and its subsequent waning finally leading to
patch abandonmen{Driessen et al., 1995; Ilwasa et al., 1981; Thiel & Hoffmeister,
2004; Waage, 1979; Wajnlzer 2006) The level of initial responsiveness in
combination with the reward induced increments determine the patch residence time
(Driessen et al., 1995; Iwasa et al., 1981; Thiel & Hoffmeister, 2004; Waage, 1979;
Wajnberg, 2006Rnd the higher the respaiveness, the longer it should take the
animals to abandon a patch. Accordingly, it could be argued that if OA is crucial in
setting the levels of responsiveness then intrinsic concentrations of OA should
positively correlate with patch residence time. Hower, studies on foraging behaviour
indicate that the opposite effect should be expecigdibng et al., 2012; Nathanson et

al., 1993) This raises the question of how OA modulates foraging behaviour in species

other than bees.

Although a plethora of studg investigated how parasitoids allocate their patch
residence time according to physiological and environmental circumstafecgs
Driessen & Bernstein, 1999; Driessen et al., 1995; Outreman et al., 2005; Thiel &
Hoffmeister, 2004; van Alphen et al., Z)QVisser et al., 1992; Wajnberg, 2006)
optimal adaptation of patch residence times is only part of a successful searching
strategy and animals need to develop ways to locate suitable patches efficiently within
a complex environment. However, microhabitatation was focused on far less by
behavioural ecologistébut see, e.g., Fleury et al., 2009; Kaiser et al., 2009; Kaiser et
al., 2003; Papaj et al., 1994; Papaj & Vet, 1990; Rdedaf et al., 2008; Vet & Papaj,
1992) In most hos{parasitoid systemsthe host elicited cues are relatively non
@2t 0AES FTYR LINYaAd2ARa RSLISYR 2y (KS
to orientate themselves towards a suitable patf¥et et al., 1991)The response
towards host habitat cues is not predominanthnate, but needs to be learned in a
process largely mirroring classical conditionjRgeury et al., 2009; Kaiser et al., 2009;
Kaiser & Dejong, 1995; Kaiser et al., 2003; Papaj et al., 1994; Papaj & Vet, 1990;
Rafalimanana et al., 2002; Vet & Papaj92P A successful oviposition (the
unconditioned stimulus) combined with an odour (the conditioned stimulus) leads to
memorising the odour. In future, the animal will react to the odour alone. Accordingly,
the intensity of this association appears to dedasn the number of associative trials

(Kaiser et al., 2003nd the memory can be erased to some extent if ovipositions fail
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to occur(Kaiser et al., 20030ne of the consequences of this learning process is an
experiencedependent increase in the speed tocation of suitable microhabitats
(Papaj et al., 1994; Papaj & Vet, 1990; Vet & Papaj, 18228ed on the role of OA in
appetitive classical conditioninglammer & Menzel, 1998; Mizunami & Matsumoto,
2010; Mizunami et al., 2009; Schwaerzel et al., 2Q0®ki et al., 2005; Unoki et al.,
2006)and responsiveneg8arron et al., 2002; Pankiw & Page, 2003; Scheiner et al.,
2014),it is hypothesized that the time needed to enter the patch should be sensitive
to OA treatment and that enhancing OA titres sltbenhance the speed of patch
encounter. Furthermore, if OA affects only the responsiveness to patch associated
odours, this effect should be especially pronounced under the direct influence of OA,
but, if OA facilitates learning, the effect should be aadt as pronounced on

subsequent patch visits, even in the absence of further OA treatment.

Lastly, exploitation efficiency on a patch is sensitive to experi¢Hesnerik et al.,
1993; Rafalimanana et al., 2002; Raine & Chittka, 2@0d), bumblebees kia been
shown to become more efficient in the collection of pollen with experiefit@ine &
Chittka, 2007)Similarly, the parasitoideptopilina heterotomavas shown to adapt its
characteristic host location behaviour to the structure of the patch, legdm an
increased host encounter ratHemerik et al., 1993and to enhance host location
efficiency in response to strefRafalimanana et al., 20Q}herefore, efficiency in host
exploitation might be a suitable focus variable to test the effects ofo®@Aearning

performance in parasitoids.

Here theexperiment investigates the effect of oral OA application on three aspects of
foraging behaviour in the parasitic wadpeptopilina heterotoma(Hymenoptera:
Figitidae) (THOMSON): Patch residence time, the tireded to encounter the patch
(latency) and the rate of exploitation (measured as the percentage of hosts parasitized
over time). To disentangle the effects of OA on responsiveness from effects on
memory acquisitionall animals were given two similar tghes to exploit either in
quick succession or on two successive days. It was assumed (1) that the direct
application of OA prior to a patch visit should lead to longer patch residence times and
faster patch encounter in response to an increased responss& to the patch and
patchrelated cues and (2) that formerly @fated animals should perform better on
subsequent patches, if it facilitates memory acquisition. This should be expressed in

faster patch location and higher exploitation efficiency. Hogrey3) patches should
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be more readily left due to a mismatch of expectations and findings regarding the
patch quality, as it has been shown that perceived subjective resource value correlates
positively with intrinsic OA concentratior(®arron et al., 200). Accordingly, the
expected value of a patch, as estimated during a first patch visit, should be higher than

what the animal actually experiences on that patch.

3.3 Materials and methods

3.3.1 Study species
The study used wasps of the solitary endop#cas Leptopilina heterotomaeared

under lab conditions at 20°C and a 16:8 (L:D) photoperiod on its natural host
Drosophila melanogastein this species, chemoreception is the main mechanism used
in host searching, with most chemoreceptors being located at the ovipg$§lioke et

al., 1984; Dicke et al., 1985 other insect species, it was shown that chemoreception
is modulated via th octopaminergic systeifrarooqui, 2007; Roeder, 1999; 20a5y

it is very likely that this is conserved throughout the insect dBs=eker et al., 2006;
Farooqui, 2007)makingL. heterotomaa promising target species for testing effects

caused by OAroresponsiveness in parasitoids.

3.3.2 General protocol
Rearing tubes were emptied daily to ensure wasps of the same age within the

experiments. Wasps used in the experiments were separated within 24 hrs of hatching
and placed in small glass vials containtwo males of the same species to ensure
mating. The glass vials contained a layer of agar to ensure a constant humidity within
the vial and additionally to provide a water source for the insects but no additional
food source to ensure feeding prior thd experiment. This treatment did not cause
any increased mortality and.. heterotomais more than able to survive food
deprivation for more than a weel®/uarin et al., 2012)rhe wasps remained in the vial

for another two days until they were offered thigst of a total of three patches to be
exploited. All patches consisted of a yeast patch measuring 2 cm in diameter, made of
TN &K 0l P&dwemycescerévisjatkgsolved in water, placed in the centre

of a Petri dish lined with agar. One haprior to the experiments, six"2instar D.
melanogasterlarvae were placed randomly on the patch, which should lead to
comparable kairomone concentrations on all patches. The first patch- (pre
experimental patch) served as the learning patch. Additionadpsawhich did not

oviposit within this preexperimental treatment were discarded from the following
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experiment. After the training session, wasps were stored in Eppendorff cups covered

with Parafilm.

3.3.3. Drug treatment
To minimize the stress for the mmals, drug treatment was administered orally.

Feeding of OA was shown to affect behaviour significdBidyron et al., 2007; Chaani

et al., 2003; Liang et al., 2012; Schulz & Robinson, 2@pjoduce similar results to
injection experiments using a #0ld higher concentratioriScheiner et al., 2002nd

to induce significant changes in behaviour within minyfankiw & Page, 20Q3)

Sugar solution was concentrated by a rate of 1:5 and the same sugar solution was used
to dilute the octopamine with aancentration of 1.2 mM. This concentration was
based on the results dScheiner et al., 2002)r bees, corrected for the body size of
our organism and the average drinking volume after the given time of deprivation.
Octopamine hydrochloride was obtainéd@m Sigma Aldrich (Germany). Feeding took
place immediately before each patch visit. A little droplet of either solution was placed
in the Eppendortup and wasps were allowed to drink from this droplet for 15 s. This
procedure allowed at least a rough raparability of the amount of chemicals
incorporated. Furthermore prohibition of drinking after 15 s ensured that wasps would
drink again prior to the second patch visit, which they refused especially in the short

travel treatment within preexperiments, ithey were allowed to drink at libitum.

After drinking, the Eppendorff cup was placed carefully beside the patch and the wasps

were allowed to enter the experimental patch freely.

3.3.4 Experimental approach
Including the preexperimental patch, three pahes were visited, each of the same

quality. Prior to each pah wasps were allowed to drirgkgiven solution for 15 s. This
was always sugar solution (SU) preceding thegxgerimental patch and either SU or
octopamine (OA) solution prior to the first dfor second experimental patch.
Considering all the possible feeding combinations, the final result was four different
feeding combinations for the second experimental patch, but only two for the first (see
Table 31). Furthermore, waiting times in betwedhe patch visits differed. Whereas
the waiting time was always 24 hrs between the jpserimental and the first
experimental patch, waiting times differed between the first and second experimental

patch and wasps had to wait either 5 min or 24 hrs (sgaer31).
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Table 31: Replicate numbers and possible feeding and interval combinations. Data from the first
experimental patch could only contribute to the SUSU and SUOA treatment within the long travel
treatment as conditions from the preexperimentalpatch to the first experimental patch were constant
for all wasps.

PATCH | INTERVAL Possible combinations of feeding treatments SU=su

) . .| OA=0Octopamine in brackets= N
(time since last patch visit

1 24 hrs SUSU (43)] - SUOA (45) | -
2 5 min SUSU (11)] OAOA12) | SUOA (9) | OASU (10)
2 24 hrs SUSU (11)] OAOA (11)| SUOA (12) | OASU (11)

3.3.5 Behavioural scoring
Behaviour was scored using The Observer 2.0 (Noldus Information Technology,

Wageningen, Netherlands). The test scored the time it took the wasps to enter the
patch (LATENCY), whether the animal was on or off the patch as well as probing into a
host, searchng related behaviour (walking and pricking on patch) and not searching
related behaviour (being offatch, resting and preening). Host attacks were scored as
ovipositions when probing lasted longer than 1§Haccou et al.,, 1991 However,
dissecting thelarvae revealed even shorter probing attempts as successful: the

shortest time needed for successful oviposition was 14.8 s.

For the statistical analysis, excursions lasting longer than 30s were defined as the point
of final patch leaving. However, this svaot always clearly distinguishable within the
running experiment. To ensure that no trials would be terminated too soon,
observations were terminated after 1 min off the patch. Wasps were placed in an
Eppendorff cup again and the procedure was repeatitiaee after 5 min or roughly

24 hrs, depending on the assigned travel time.

3.3.6 Data Analysis
Data were analysed using Cox proportional hazard analyses usicgximepackage

for Mixed Effects Cox Mode{$herneau, 20120 R 2.15.ZR-CoreTeam, 2014)As all

wasps were observed twice (with one exception refusing to search on"tHeAT CH)
WASPID was specified as the random term. The best model was chosen based on the
AIC and stepwise backwards elimination of terms worsening the explanatory power of

the model.
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The first test was on the impact of food given before the previous patch visit (FOOD1),
food given before the current patch visit (FOODZ2), and time since last patch visit
(INTERVAL) up to their threy interaction on the time needed to enter thmatch
(LATENCY). Additionally, the number of patch visits (PATCH) was taken into account.
The second test ran a similar model to investigate the impact of the abovementioned
explanatory variables on the patch residence time (PRT). In addition to the mentioned
fixed terms (FOOD1, FOOD2, INTERVAL and PATCH), ovipositions (OVI) were added as
a time-dependent variable. The full model was based on all possible vege
interactions of OVI, FOOD1, FOOD2 and INTERVAL plus PATCH as a single term.
Finally, an analysis was performed of the rate of patch exploitation over PRT by means
of generalized linar mixed models (GLMM) using the librdmye4 (Douglas Bates et

al., 2014) A sigmoidal model was fitted to the percentage of hosts parasitized over
PRT starting again with all possible thigay interactions of OVI, FOOD1, FOOD2 and
INTERVAL and PATCladditional factors.

3.4 Results

3.4.1 Effects of OA treatment on latency
Table 32 shows the effects of all variables remaining in the final mbdeé&d on the

AIC criterion. The overall fit of the model is highly significartZ7.36,df=5,p=4.85e
05). Feeding treatment best explained latency. Recent OA feeding (FOOD?2) in
particular led to longer latencies (see Figurg, Jable 2). Although nots expressed

in the animals experiencing short travel times, prior OA and subsequent SU feeding

Figure 31: KaplanMeier curves describing theroportion of Leptopilina heterotomafemales nothaving
entered the patch afte a given time LATENC{)] as a function o NTERVA(short and long waiting time
between patch visitsand feeding treatment with sugar and octopamine before the first and second pa
visit. For levels of significance see text.
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